Nitrogen-Vacancy (NV) centers in diamond have been identified over the past few years as promising systems for a variety of applications, ranging from quantum information science to magnetic sensing. This relies on the unique optical and spin properties of the negatively charged NV. Many of these applications require shallow NV centers, i.e. NVs that are close (a few nm) to the diamond surface. In recent years there has been increasing interest in understanding the spin and charge dynamics of NV centers under various illumination conditions, specifically under infra-red (IR) excitation, which has been demonstrated to have significant impact on the NV centers emission and charge state. Nevertheless, a full understanding of all experimental data is still lacking, with further complications arising from potential differences between the photo-dynamics of bulk and shallow NVs. Here we suggest a generalized quantitative model for NV center spin and charge state dynamics under both green and IR excitation. We experimentally extract the relevant transition rates, providing a comprehensive model which reconciles all existing results in the literature. Moreover, we identify key differences between the photo-dynamics of bulk and shallow NVs, and use them to significantly enhance the initialization fidelity of shallow NVs to the useful negatively-charged state.
The nitrogen-vacancy (NV) center [1] has attracted significant attention over the past several years, as a model quantum system for a wide range of applications, such as quantum information processing [2] and quantum sensing [3] [4] [5] [6] [7] . In addition, shallow NVs positioned a few nm from the diamond surface can be used to detect nuclear or electron spins outside the diamond [8, 9] . Interest in the NV platform stems from the ability to readout and initialize its spin state optically, due to the NV photo-dynamics, mainly under green (532nm) laser excitation. In addition, NVs show relatively long coherence times [10, 11] even at room temperature [12, 13] , with actual values depending on the NV surrounding, including its distance from the surface [14] [15] [16] . These properties appear in the negative charge state (NV − ), and are absent in its neutral charge state (NV 0 ). However, charge state manipulation was shown to be a useful tool for various applications, such as spin readout enhancement [17] and quantum computation [18] .
It was recently shown that a combined green and IR (1064 nm) excitation has a dramatic impact on the NV's emission [19] [20] [21] and charge state [22] . These works, together with earlier studies of NV charge dynamics [23] [24] [25] , suggest various models for describing specific experimental results. However, these proposed models do not fully explain all of the existing literature, and cannot reproduce the measured dynamics. Furthermore, a comparison between the behavior of bulk vs. shallow NVs is currently missing.
In this work we study experimentally the photodynamics of NV centers due to excitations with both green (532 nm) and IR (1064 nm) light, for a wide range of laser powers. The IR wavelength was chosen to avoid ionization from the singlet states, as reported in [20] . We focus on shallow NVs and compare to bulk NVs in a high-pressure high-temperature (HPHT) sample. We construct a model that can explain these results, and extract experimentally the relevant rates/cross-sections. We show that this model is consistent with both the data presented here and previously published results, suggesting a full understanding of NV photo-dynamics under the studied conditions. Finally, we identify a significant difference between the charge dynamics of bulk and shallow NVs, as well as an optimized two-color initialization procedure for enhancing NV − population of shallow NVs. The measured results that are shown below were performed using a homebuilt confocal microscope. Green (532 nm) and IR (1064 nm) continuous wave lasers were focused into a diffraction limited spot using an oil immersion objective. Fluorescence (PL) was collected from the same objective, and directed into a single photon counter. Single shallow NVs were measured in a high purity chemical vapor deposition (CVD) sample, as well as in an HPHT sample, in which bulk NVs were also measured. We use narrow band-pass filters to quantify the charge-state population change (NV − vs. NV 0 ) through the filtered PL level (see [23, 26] ).
We first measured the steady-state NV − PL under green illumination, and its change due to the addition of IR excitation for surface NVs in both HPHT and high purity CVD samples, and compared it to bulk NVs in an HPHT sample. Fig. 1 shows this change in PL as a function of both IR and green excitation powers. Unlike previous reports which exhibited either enhancement arXiv:1709.04776v3 [quant-ph] 4 Oct 2017 [22] or suppression [19] in steady-state PL due to 1064 nm IR illumination, for the shallow NVs [ Fig. 1(a) ] we observe a smooth transition between these effects, with a non-monotonous behavior as a function of both the green and IR power for the same NV center (these results have been observed for several different NVs in this sample), in agreement with [20] . This suggests that a single mechanism underlies both enhancement and suppression effects, which we now elucidate through dynamic (pulsed) experiments. However, for bulk NVs [ Fig. 1(b) ] we find significantly different behavior. the green laser power has very little effect on the fluorescence from bulk NVs (in the range of powers we used). furthermore, as opposed to the non-monotonous and logarithmic dependence in shallow NVs, in bulk NVs the steady state fluorescence ratio changed monotonically and linearly with IR power. Moreover, for bulk NVs the suppression of NV − PL is more dominant compared to shallow NVs (more closely resembling the results of [19] ). We next consider the photo-dynamics of shallow NVs, as shown in Fig. 2 , in analogy to the experiments performed in Ref [22] (see [26] ). These measurements were performed with a wide range of green and IR powers.
In Fig. 2 we plot the dynamics of two representative cases, with either (a) 159 µW or (b) 241 µW of green laser power, where in both cases 38 mW IR power was used. The former shows an enhancement of the steadystate NV − PL in the presence of IR illumination (B in Fig. 2a ) whereas the latter shows suppressed PL (B in Fig. 2b ). In both cases the IR resulting dynamics show two dominant timescales: a very fast (<30 ns) quench (increase) in the PL as the IR excitation is turned on (off), followed by slower relaxation to steady-state (on a µs timescale) in the opposite direction. This dynamical picture suggests different, competing processes, which act on different timescales, such that the interplay between them dictates the steady-state result (enhancement or suppression of PL). The timescale of the fast quench dynamics observed in Fig. 2 seems independent of green excitation power. This suggests that the relevant processes are related to the excited state, namely single-photon ionization/recombination (I/R) from it.
In order to gain a quantitative understanding of these results, as well as of previously published ones, we consider a rate equation based model for the NV photodynamics. This simplified model, depicted in Fig. 3 , consists of the NV − m s = ±1 and m s = 0 spin states in the ground and excited electronic states; the NV − singlet state; and the NV 0 electronic ground and excited states. The considered transitions are shown in the figure, with intra-charge transitions marked by solid arrows, and the I/R transitions by dashed arrows. All transitions are considered spin-independent, except for the transition from the excited state to the singlet state in NV − [24] . The I/R dynamics used in this model are therefore consistent with the approach suggested in Ref [19] , although here we did not include additional dark states. We neglect possible contributions of two-photon processes originating from the ground-state to these dynamics, as suggested in Ref. [20] (see also [23, 27] ). The internal NV − /NV 0 transition rates considered in this model were taken from Ref. [25, 28] (see [26] ). Using this model, we can explain the PL dynamics in Fig. 2 . The fast quench is caused by the new nonradiative transition from the excited states that is created when we turn on the IR laser. The following slow increase suggests that the combined green and IR induced charge
dynamics tend toward enhanced NV
− population compared to the dynamics with green excitation only (even though the steady-state PL under green and IR excitation may be lower than the green only steady-state PL, since PL is not directly related to the NV − population). The sharp rise as we turn off the IR (t = 60 µsec) is the opposite process of the sharp quench: By turning off the IR excitation we close the non-radiative transition and recover to the green only rates in the system, with different charge populations (increased NV − population). Therefore, the fact that the sharp peak is higher than the green only steady-state PL strengthens the claim that the NV − population increases due to the addition of IR excitation. Lastly, the slow decrease of PL corresponds to the NV − population slowly decreasing back to its green only steady-state population.
In contrast to the internal NV − /NV 0 rates, the I/R rates from the excited states, for both green and IR light, are unavailable in the literature. These single-photon I/R rates can be expressed as K αj = is the cross-section associated with the transition α (ionization/recombination) induced by laser j, I j is the intensity of the relevant excitation laser, with j denoting either green (G) or IR.
We first consider the dynamics of the NV − excited state population (P − e ):
Here P − g is the NV − ground state population. Since the fast quench is approximately two orders of magnitude faster than the slower dynamics (Fig. 2. point A) , we can assume that the PL level following these fast dynamics represents a quasi-steady-state (QSS) (which does not depend on additional, slower excitation and ionization/recombination processes). We therefore denote the steady-state and QSS populations asP − e (steady-state with green excitation only, before the quench) andP − e IR (QSS, combined green and IR excitation, following the quench) correspondingly. The fast change in PL is then a result of changing the value of K i IR from zero to some finite value when the IR laser is turned on. For low enough green and IR powers P − g remains approximately constant (
. Thus, the dependence ofP − e IR on K i IR is given, under the above assumptions, by:
which corresponding to the the fast quench in PL (see [26] ). It is clear from Eq. (2) that the quench will be less significant as the green laser intensity increases, due to the increase in green ionization rate from the excited state (as K i G ∝ I G ), while a more significant suppression of PL is expected as the IR laser power increases, due to the added IR ionization rate (again, from the excited state).
A corresponding analysis and expression can be derived for the normalized fluorescence of NV 0 :
Eqs. 2 and 3 were used to find ionization and recombination rates (as shown in Fig. 4 ) through NV − (a) and NV 0 (b) PL. The significant suppression observed indicates that the IR ionization rate from the NV − excited state is on the order of the excited state decay rate K f . Correspondingly, the strong effect of the green laser power on this quench indicates that the green ionization rate is of the same order. The solid lines in Fig. 4 are fits to Eq. 2 and 3, from which we extract the excited state ionization and recombination rates and cross-sections for both green and IR excitations. The uncertainties in the extracted rates stem from the interdependence of the fits on each of the parameters, as well as from the significant differences of the rates between different NVs, which can be caused by small variation in their depths and local environments.
The results obtained above from the fast quench in PL at the onset of the IR excitation were used to calculate the full temporal evolution of the PL curves. We further improve the accuracy of these rates and narrow their uncertainties by applying a numerical optimization algorithm, which fine tunes the values of the cross-sections (within the relevant ranges), such that the model calculation reproduces the experimental data accurately. The results are plotted in Fig. 2 , represented by a solid red Table I , were extracted using this method on several shallow NVs (in the same implanted sample). We note that the relatively large cross-section for ionization with green laser is surprising, and could shed some light on the spin dynamics of NV centers under green excitation. This rate and its complementary recombination rate can complete and potentially modify the internal NV − spin dynamics picture, as presented previously [24, 25, 29] . Assuming that the recombination process is not spin dependent (i.e. does not pump preferentially into m s = 0), these processes could cause significant spin mixing, even for relatively low laser powers, diminishing laser induced NV − spin polarization and therefore reducing the efficiency of the NV based measurements. An important consequence of the extracted cross-sections is that the ratio between ionization and recombination rates under green illumination results in preferential NV 0 population (P 0 g + P 0 e ) in the steady-state, as opposed to previous results [23] . We attribute this discrepancy to the difference between shallow and bulk NVs, and repeat our experimental analysis for bulk NVs. This was done using single NVs in an HPHT sample, using both shallow and bulk NVs (about 2µm deep in the same sample). The complete analysis is given [26] . The shallow NVs resulted in similar cross-sections (within the uncertainty of the measurements) as those of the implanted samples described above. However, for bulk NVs we find that the green ionization rate is reduced by approximately 85% to σ 2 . The bulk NVs recombination rates were not measured due to low signal and assumed to be the same as for shallow NVs. These results highlight the difference in photo-dynamics between bulk and shallow NVs, and are in agreement with previously published data [23] .
Finally, in extracted above (Table I) . The values presented in the table are the lower boundaries for the cross sections due to the assumption of no losses in the diamond interface and diffraction limited beam. We find that for shallow NVs, in the presence of only green light, the NVs occupy mostly the unwanted neutral charge state in steady-state for green powers below 220µW . For higher green excitation powers the negative charge state is preferred, but its occupation saturates at ∼ 63% NV − . In the presence of both green and IR excitations we see a different trend with a significant increase of the negative charge state for lower powers, followed by a collapse back to the green only excitation steady state at high powers. An increase of 25% of the NV − population can be achieved by using simultaneous initialization with both green and IR excitations of appropriate intensities, to ∼ 78% population of NV − . For bulk NVs, the opposite trend is obtained for this power regime, with the NV − population decreasing as the green laser power increases, in agreement with the dynamics described in [23] . In the presence of both green and IR excitations an increase of the negative charge state is obtained, up to ∼ 87%, which corresponds to ∼ 20% increase in the negative charge population.
In conclusion, we have analyzed the ionization and recombination dynamics of the negatively charged and neutral NV center under green and IR excitation, for a broad range of laser powers. By investigating the features in time-resolved fluorescence measurements for a pulsed excitation sequence, we identified the dominant photo-dynamic processes, and constructed a rate equation model which offers a complete quantitative reproduction of both previously published and present experimental data, some of which were in contradiction [19, 22] . Our dynamic analysis allowed us to directly measure the ionization and recombination cross-sections of the NV − and NV 0 from their respective excited states, under both 532 nm and 1064 nm excitations. Based on these crosssections we quantitatively identified a significant suppression of NV − steady-state population under green illumination of shallow NVs as compared to bulk NVs. In addition, these extracted cross-sections allowed us to introduce a method to dramatically increase the NV − population of shallow NVs, using both green and IR excitation. This result could address various issues encoun-
FIG. 5. IR effect on NV
− steady state population for surface (solid lines) and bulk (dashed lines) NVs. IR excitation power was optimized for strongest effect (25 mW for surface NVs, 35 mW for bulk NVs). Blue -green excitation only. Redsimultaneous excitation with green and IR. Increase of 25% and 20% in NV − population is calculated for surface and bulk NVs respectively, compared to initialization with green only.
tered empirically for shallow NVs, and offer an approach for improving various relevant applications. The results and methods presented here may be used to shed light on some of the fundamental internal NV − dynamics and rates which are still not fully resolved, e.g. relating to the decay rates from the excited state to the singlet level and from the singlet state to the ground states. Thus, we expect that such insights could play an important role in NV research and potential applications.
